A new method to account for long range electrostatic contributions is proposed and implemented for quantum mechanics/molecular mechanics long range electrostatic correction (QM/MM-LREC) calculations. This method involves the use of the minimum image convention under periodic boundary conditions and a new smoothing function for energies and forces at the cutoff boundary for the Coulomb interactions. Compared to conventional QM/MM calculations without long-range electrostatic corrections, the new method effectively includes effects on the MM environment in the primary image from its replicas in the neighborhood. QM/MM-LREC offers three useful features including the avoidance of calculations in reciprocal space (k-space), with the concomitant avoidance of having to reproduce (analytically or approximately) the QM charge density in k-space, and the straightforward availability of analytical Hessians. The new method is tested and compared with results from smooth particle mesh Ewald (PME) for three systems including a box of neat water, a double proton transfer reaction, and the geometry optimization of the critical point structures for the rate limiting step of the DNA dealkylase AlkB. As with other smoothing or shifting functions, relatively large cutoffs are necessary to achieve comparable accuracy with PME. For the doubleproton transfer reaction, the use of a 22 Å cutoff shows a close reaction energy profile and geometries of stationary structures with QM/MM-LREC compared to conventional QM/MM with no truncation. Geometry optimization of stationary structures for the hydrogen abstraction step by AlkB shows some differences between QM/MM-LREC and the conventional QM/MM. These differences underscore the necessity of the inclusion of the long-range electrostatic contribution. C 2015 AIP Publishing LLC. [http://dx
INTRODUCTION
The hybrid Quantum Mechanics (QM)/Molecular Mechanics (MM) method 1,2 has been a very useful tool in studying chemical reactions in large systems where it is not possible to use QM methods exclusively.
3-5 QM/MM calculations provide a convenient way to include non-negligible environmental effects for reactions in extended systems such as enzymes, solutions, zeolites, and heterogeneous catalysts. An important effect that is included in QM/MM calculations involves the Coulomb interaction between the reacting (QM) region and the environment (MM). However, several QM/MM implementations that use this so-called "electrostatic embedding" neglect the crucial role of long-range effects. 6 Early on, long-range forces in classical chemical and biochemical simulations were accounted for by means of truncation schemes, where the Coulomb interactions are neglected after a certain distance (cutoff). 7, 8 This is also true of QM/MM simulations, and is still a popular method of choice. However, simulations with truncation methods have been shown to result in artifacts in the resulting structure and/or dynamics of the system. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] a) D. Fang and R. E. Duke contributed equally to this work. b) Email: andres@chem.wayne.edu Various switching and shifting functions have been proposed to remedy artifacts that arise from the truncation of the Coulomb interactions in classical simulations. The aim of these functions is to smoothly reduce the energies and forces between interacting particles when one of the particles is close to the boundary for the cutoff to neglect the Coulomb interactions (cutoff boundary). Several of the new cutoff schemes are based on work of Wolf et al. 20 These methods enforce charge neutrality by a neutralizing term since the truncation sphere inside the cutoff radius was found to be not electroneutral. Most cutoff methods seem to perform satisfactorily in the 20-30 Å range.
Methods to account for long-range electrostatic effects in QM/MM calculations have also been developed. In this case, the inclusion of long-range effects results in additional complications due to the presence of the continuous QM electronic density. In particular, one needs to take into account how the continuous QM charge density will be accounted for in the interaction with the classical system for the purpose of the long-range effects. To this end, a number of methods have been proposed to explicitly introduce long-range electrostatics in QM/MM calculations.
In boundary potential models, a subset of the atoms, including the QM and a region of the MM subsystems are represented explicitly. The remaining infinite bulk, which may include the remainder of the solute (e.g., protein, zeolite, and metal organic framework) is represented by an effective boundary potential. Several algorithms based on this method have been implemented including the local reaction field method for empirical valence bond/molecular mechanics (EVB/MM), 21, 22 the generalized solvent boundary potential (GSBP), 23 ,24 the solvated macromolecule boundary potential (SMBP), 25, 26 and a similar method based on the spherical solvent boundary potential (SSBP). 27 A second family of approaches relies on periodic boundary methods. The initial implementation of Ewald sums for QM/MM was developed for semiempirical Hamiltonians. 28, 29 Nam et al. developed an implementation of Ewald for QM/MM that explicitly takes all long-range contributions into account and uses Mulliken charges to represent the QM subsystem in reciprocal space. 30 This method was subsequently modified to calculate the MM and QM/MM coulomb interactions with the smooth particle Mesh Ewald (PME) method. 31 This method has been used to include long-range electrostatic effects in the explicit polarization (X-pol) potential. 32 A modification of this method has been proposed where the QM subsystem is represented by ChElPG instead of Mulliken charges. 33 A similar approach has been developed using Ladd sums in the framework of semiempirical QM models. 34 A linear-scaling method based on the electrostatic potential (GEEP) 35, 36 and a modified Ewald lattice summation for the long-range QM/MM potential has been implemented for density functional theory (DFT) based QM/MM simulations. 35, 36 Another possibility involves the use of a cutoff in conjunction with shifting or switching functions similar to those used for classical simulations. 37 McCann and Acevedo recently proposed a method based on these schemes to account for longrange electrostatics in QM/MM simulations. [38] [39] [40] The use of the shifting function avoids the discontinuity in the energy and obviates the need to represent the infinite bulk.
In this contribution, we propose a scheme denoted as QM/MM Long-Range Electrostatic Correction (QM/MM-LREC). QM/MM-LREC includes long-range electrostatic effects by means of a novel switching/shifting function and the use of the minimum image convention to avoid box edge effects. Here, each particle i interacts with all particles j (with the inter-particle distance denoted by r i j ) within a certain cutoff R cut . Assuming that particle i is in the primary unit cell, when the distance r i j is smaller than half of the box length, particle j in the same image is used. On the other hand, when r i j is larger than half of the box length, particle j in the neighboring image around the primary unit cell is considered. This convention only includes the first replicas around the primary unit, thus avoiding the need to approximate the QM charge density for reciprocal space and the reciprocal calculation altogether. In addition, analytical Hessians are available for QM/MM-LREC as finite images are used in the calculation. This last feature is particularly useful for the efficient optimization of critical points on the potential energy surface. 41 The paper is organized as follows, in the section titled Theory and computational details, we introduce the new smoothing function and how it is incorporated into the QM/MM scheme. After that, we present results and discussions on three systems used to test this method and their comparison to results calculated with PME or no cutoff calculations. These systems include a water box, a double proton transfer between two aspartic acids, and the geometry optimization of the stationary structures for the hydrogen abstraction step of the dealkylation reaction of 1-methyl adenine catalyzed by AlkB.
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THEORY AND COMPUTATIONAL DETAILS
The total energy in a QM/MM system can be divided in three parts as shown in Equation (1),
where E QM is the electronic energy for the QM subsystem, E QM/MM is the interaction energy between the QM and the MM regions, and E MM is the energy for the MM part. E QM/MM is comprised of three components, electrostatic, van der Waals, and bonded terms as shown in Equation (2),
In the additive QM/MM scheme employed herein, 43 the Coulomb interaction between the QM and MM regions is treated by the "electrostatic embedding" approach, as denoted in Equation (3). Here, the point charges from the MM atoms are introduced in the QM Hamiltonian to explicitly polarize the QM wavefunction
For the proposed switching and smoothing function, initially developed by one of us (RED), the Coulomb interaction E(q i ,q j ,r ij ), gradient f(q i ,q j ,r ij ), and Hessian h(q i ,q j ,r ij ) between point charge i and j are calculated by Equations (4)- (6), respectively, The use of the switching function results in the need to perform several modifications to enable the proper treatment of the longrange cutoff boundary for the iterative QM/MM optimization scheme. 43 In particular the point charges, ρ(q, r), corresponding to the MM environment that are used for the effective Hamiltonian are modified as denoted in Equation (7),
where q are the charges as represented by the Amberff99 force field, 44 and r is the distance between the MM atom and the center of mass of the QM region. This results in effectively screened charges for the MM atoms that are close to the long-range Coulomb cutoff boundary with respect to the QM subsystem when calculating the Coulomb interactions between the QM and MM regions. In this way, the effective Hamiltonian in Equation (3) explicitly includes the screened charges. For the interactions between the MM atoms, Equations (4)- (6) are used for calculating Coulomb interactions, their gradients, and Hessians. Note that Equations (4) and (5) would be the corresponding expressions used for purely classical MD simulations.
The results from QM/MM-LREC are compared with the corresponding calculations with the original QM/MM implementation, which we denote hereafter as QM/MM-conventional. Here, all the MM atoms are treated explicitly without any replica of the system for the calculations of both the 6 QM/MM and MM Coulomb interactions. In this original implementation, the Coulomb interactions can also be damped with a polynomial function as implemented in TINKER 45 if a cutoff is specified.
All QM/MM calculations are handled by an in-house program that combines modified versions of Gaussian09 46 and TINKER. 45 During the MM optimizations, only atoms within 20 Å around the active site are allowed to move. For the calculations of the double proton transfer reaction, all atoms of the solute were treated as QM (50 QM atoms) and all solvent waters were represented by the MM environment. In the case of the geometry optimizations for the AlkB structures the system setup is described in detail in Ref. 42 .
RESULTS AND DISCUSSION
The first system we studied is a water box with a size of 66 Å 3 to test LREC's performance in calculating the electrostatic energy using the smoothing function by classical MM only. As shown in Table I , the deviations for the Coulomb interaction and final RMS gradient calculated by LREC with respect to the corresponding results given by PME are 0.03%-1.55% and 0.01%-1.07%, respectively. At relatively small cutoffs, such as 8 Å-10 Å, the differences between LREC and PME are larger compared to values at the other cutoffs. For the absolute Coulomb energy, LREC gives the closest value to PME at 22 Å. For the final RMS gradient, the lowest value is around 26 Å-28 Å. Regarding the computation time, generally speaking, as expected for both LREC and PME methods, the computation time increases with the increase of the cutoff. Compared with PME, LREC requires larger computation time for the same cutoff, especially at relatively large cutoffs. However, since this method is easily parallelizable, it is expected that parallelization of this method will improve the performance with respect to Ewald-based methods, where the Fourier transform can become a bottleneck in parallel implementations, this will be explored in the future. The compromise between accuracy and computing time leads us to conclude that 22 Å provides the best accuracy vs. performance tradeoff.
The second test involves the reaction pathway optimization for the double proton transfer between two aspartic acids (see Figure 1 for the structure) with explicit water molecules by QM/MM-LREC. The reaction path has been optimized using the reaction coordinate driving method. The reaction coordinate (R H ) is defined as the linear combination Compared to the results from the QM-MM spherical scheme without any cutoff (QM/MM-conventional (no cutoff)), the relative energies along the pathways with cutoffs larger than 20 Å by QM/MM-LREC are close to those calculated by QM/MM-conventional (no cutoff). Additionally, the product is predicted to be around 2.3 kcal/mol lower than the reactant by QM/MM-conventional (no cutoff), and the approximate barrier is about 18.8 kcal/mol. These energies are consistent with the result given by QM/MM-LREC where the product is around 2-3 kcal/mol lower than the reactant and the corresponding energy barrier is around 18 kcal/mol for most of the cutoffs. Specifically, when the cutoff is 22 Å for QM/ MM-LREC, the product is 2.9 kcal/mol lower than the reactant, and the reaction barrier is 18.5 kcal/mol. As shown in Figure 2 , the comparison between the energy profile of the pathways by QM/MM-LREC with a cutoff of 22 Å and QM/MM-conventional (no cutoff) shows good agreement along the entire pathway. By contrast, when a cutoff of 22 Å is used for QM/MM-conventional, the barrier is noticeably underestimated. The comparison of several key distances (Table III) The final test is the geometry optimization of the reactant, TS, and product structures (Figure 3(a) for the reactant) along the minimum energy pathway (MEP) for the hydrogen abstraction step of the dealkylation of 1-methyladine (1-meA) by AlkB using QM/MM-LREC. 42 The cutoff is chosen to be 22 Å, which performs well for both of the two tests above. The distances between the metal Fe and its surrounding ligands computed by QM/MM-LREC and QM/MM-conventional (cutoff = 15 Å) are close to each other (Figures 3(b)-3(d) ). However, some deviation between these two schemes is observed for a H 2 O molecule that forms a hydrogen bond to the oxo moiety bound to Fe. This water molecule is not directly coordinated to the iron but was previously shown to have a significant impact on the energetics of the system. 41 Because of this change in orientation, the calculated energies given by these two methods are different for these three stationary structures.
The calculated reaction barrier by QM/MM-LREC is 24.8 kcal/mol. This barrier is 2.4 kcal/mol higher than the one calculated by QM/MM-conventional of 22.4 kcal/mol. It is also noticeable that these two methods give different relative energies between the intermediate and the reactant. For QM/MM-conventional, the intermediate is 3.7 kcal/mol lower in energy than the reactant, while the intermediate is 1.3 kcal/mol higher in energy than the reactant for QM/MM-LREC. Similar to our previous study, the introduction of enthalpic and entropic effects (from the QM subsystem only as we previously showed the environment provides only a small de-stabilizing effect) results in a reduction of the barrier of approximately 3.5 kcal/mol. Our previous calculated free energy barrier of 18.6 kcal/mol is 1.2 kcal/mol lower than the estimated experimental barrier. 42 Using the energies obtained with QM/MM-LREC and the free energy correction, the calculated barrier is approximately 21.3 kcal/mol, giving almost the same error with respect to experiment (in the opposite direction) as our previous calculations.
The total QM/MM energy can be decomposed into three components, E QM + E electrostatic (QM/MM), E vdw (QM/MM) + E MM-bonded (QM/MM), and E MM . The relative values of these three components for the TS and product with respect to the reactant are listed in Table IV . It can be seen from Table IV that the main contribution to the energy difference of the TS between these two methods is from E MM , which is the total energy of the MM atoms. For the product, in addition to E MM , the E QM + E electrostatic (QM/MM) term also shows a large contribution to the energy difference between these two methods. These differences are due to the different treatments on each component by QM/MM-LREC and QM/MMconventional. For E QM + E electrostatic (QM/MM), fitted charges by Equation (7) within the cutoff are used, while QM/MMconventional uses all the point charges that represent the MM atoms without any cutoff.
Interestingly, the calculated electronic properties between the corresponding structures are very similar. As shown in Table V , the Mülliken spin populations on selected atoms involved in the reaction are almost the same. Non-covalent interaction analysis with NCIPlot 47 shows almost all the surfaces for the corresponding structures are similar when compared with the previously reported surfaces (see Figure 4) . 42 The only major difference observed is the water in the active site not coordinated to the Fe atom, which in the case of the QM/MM-LREC shows a blue surface between the O in this water and the succinate in the reactant. By contrast, this same water forms a hydrogen bond to the oxo in the QM/MMconventional optimized reactant. The differences in the charge treatment and inclusion of the long-range Coulomb effects result in the change in orientation of the H 2 O molecule which is not bound to the iron mentioned above, which in turn results in the energetic differences.
For the current QM/MM calculations, the evaluation of the QM region consumes much more computing time than the MM calculation in practice. Therefore, when it comes to the computing time, it is expected that the computing time for the calculations by QM/MM-LREC and QM/MM-conventional should be comparable.
CONCLUSIONS
We have presented an implementation of a new method to include long-range electrostatic effects for QM/MM calculations termed QM/MM-LREC. This scheme uses a new smoothing function under periodic boundary conditions (PBC) with the cutoff (half of the periodic box lengths). The use of the smoothing-switching function has several desirable traits including the avoidance of reciprocal space calculations and thus having to reproduce (or approximate) the QM charge density in reciprocal space, and the availability of analytical Hessians. Our results show that at 22 Å cutoff, the new smoothing function exhibits close agreement in energy and gradient with PME (or no cutoff) results for the Coulomb interactions for a water box and for the prediction of the reaction pathway for the double proton transfer between two aspartic acids in a water box. The results for the hydrogen abstraction by AlkB from these two schemes show some differences. These differences may come from the usage of fitted charges that depend on the cutoff in QM optimization and different MM environment due to the MM optimization in QM/MM-LREC compared to QM/MM-conventional.
